Asef (herein called Asef1) was identified as a Rac1-specific exchange factor stimulated by adenomatous polyposis coli (APC), contributing to colorectal cancer cell metastasis. We investigated Asef2, an Asef1 homologue having a similar N-terminal APC binding region (ABR) and Src-homology 3 (SH3) domain. Contrary to previous reports, we found that Asef1 and Asef2 exchange activity is Cdc42 specific. Moreover, the ABR of Asef2 did not function independently but acted in tandem with the SH3 domain to bind APC. The ABRSH3 also bound the C-terminal tail of Asef2, allowing it to function as an autoinhibitory module within the protein. Deletion of the C-terminal tail did not constitutively activate Asef2 as predicted; rather, a conserved C-terminal segment was required for augmented Cdc42 GDP/GTP exchange. Thus, Asef2 activation involves APC releasing the ABRSH3 from the C-terminal tail, resulting in Cdc42 exchange. These results highlight a novel exchange factor regulatory mechanism and establish Asef1 and Asef2 as Cdc42 exchange factors, providing a more appropriate context for understanding the contribution of APC in establishing cell polarity and migration.
Rho family guanine nucleotide exchange factors (GEFs) are essential links between extracellular signaling events and the activation of Rho family GTPases, acting as the direct facilitators of GDP displacement in these molecular switches. The GTP-loaded and activated Rho family GTPases, such as RhoA, Rac1, and Cdc42, have classically been appreciated for their effects on cytoskeletal reorganization and the establishment of cellular polarity (6, 11) but also are known to induce proliferative responses through the binding and activation of proteins such as p21-activated kinase (PAK) (24) and Rhoassociated kinase (33, 35) . Despite the potential for direct, unregulated cellular proliferation and metastasis through constitutive activation of Rho family GTPases, activating mutations similar to those established for Ras have not been discovered in human cancers (25) . Therefore, Rho family GEFs are frequently investigated in terms of their potential as oncogenic triggers, since they are the first upstream activators of Rho-GTPases and potentially misregulate GTPases when overexpressed or mutated to constitutively active forms (5, 15) .
The identification and initial characterization of Asef stand out as a conspicuous example of GEF misregulation in tumor cells (22) . Asef (APC [adenomatous polyposis coli]-stimulated exchange factor, hereafter referred to as Asef1) was first identified through a yeast two-hybrid screen using the APC armadillo repeat region (APC ARM ) as bait. The APC ARM is an important segment of APC and is retained in APC truncation mutations found in colorectal cancers and familial adenomatous polyposis (4, 16) . Although its exact function remains elusive, the APC ARM interaction localized to an APC binding region (ABR) within Asef1, a region lying immediately Nterminal to the protein's Src-homology 3 (SH3) domain. The most profound outcome of the APC-Asef1 interaction is that it stimulates Asef1 GEF activity, leading to Rac1 activation, lamellipod formation, and increased cell migration. Additionally, cells coinfected with full-length Asef1 and the APC ARM migrate more rapidly than cells coinfected with Asef1 and full-length APC, suggesting that Asef1 is inducibly activated by the APC ARM (21) . It has therefore been suggested that the truncated forms of APC often found in colorectal cancer and familial adenomatous polyposis are not only devastating due to unregulated cellular ␤-catenin accumulation but may also enhance cellular metastasis due to constitutive Asef1 activation (8, 13, 22) .
Despite the implications that truncated APC may directly impact cytoskeletal dynamics through Rho family GEFs, little has been done to further investigate its unique mode of GEF activation. In order to gain a more complete understanding on how APC impacts cytoskeletal events, we have characterized Asef2, a close homologue of Asef1. While Asef2 GEF activity can be stimulated by an interaction with the APC ARM , our findings demonstrate that Asef1 and Asef2 are in fact Cdc42-specific exchange factors and do not act on Rac1. Moreover, in contrast to Asef1, APC binding to Asef2 is not only mediated by the ABR but also relies mostly upon the adjacent SH3 domain. The tandem ABRSH3 functions as an autoinhibitory module within the protein and binds to the C-terminal region of the protein lying after the canonical Dbl-homology (DH) and pleckstrin homology (PH) domains. Surprisingly, the Cterminal tail of Asef2 not only provides a binding site for the autoinhibitory ABRSH3 but is also required for maximal exchange activity toward Cdc42, with deletion of as little as the last 32 amino acids completely disrupting activity. Therefore, we believe that the primary function of the ABRSH3 is to ARM , and Flag-Histagged Rho family GTPases were expressed in Sf9 cells using recombinant baculovirus according to the manufacturer's procedures (Invitrogen). Proteins were expressed 72 h postinfection. All the various Flag-His-tagged Asef fusion proteins were purified under the same conditions. Sf9 cells were lysed with 20 mM Tris, pH 8.0, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 g/ml leupeptin, and 5 g/ml aprotinin; cells were centrifuged, and the clarified supernatant was rotated with Probond resin (Invitrogen) for 20 min at 4°C. Following two washes with Tris-buffered saline (TBS; 20 mM Tris, pH 8.0, 150 mM NaCl) containing 20 mM imidazole, the fusion proteins were eluted with TBS containing 300 mM imidazole. Sf9 cells expressing MBP fusions were lysed in the same lysis buffer. The clarified lysate was applied to amylose resin and incubated for 30 min at 4°C. The resin was extensively washed with TBS and eluted in TBS containing 15 mM maltose.
Flag-His-tagged versions of the lipid-modified and unmodified forms of the Rho family GTPases were isolated from insect cells as previously described (40) . Briefly, lysates were prepared using a lysis buffer containing 10 mM Tris, pH 7.4, and 10 mM MgCl 2 with protease inhibitors. The clarified lysate was added to Probond resin to purify unmodified GTPases. The pelleted material was resuspended in lysis buffer and recentrifuged. After the buffer was removed, the pellet was resuspended in extraction buffer containing 20 mM Tris, pH 8.0, 5 mM MgCl 2 , 1 mM EDTA, and 0.6% CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate), and the insoluble materials were removed by centrifugation. The clarified supernatant was used to purify lipid-modified GTPases. After incubation with Probond, both the lipid-modified and the unmodified GTPases were washed with extraction buffer, followed by a wash with TBS containing 20 mM imidazole, and were eluted in TBS containing 300 mM imidazole.
Bacterially expressed GST fusion proteins were purified essentially as described previously (37) . Proteins were expressed in Escherichia coli strain BL21(DE3) by growing bacteria at 37°C in LB medium supplemented with 100 g/ml ampicillin and by induction with 40 M isopropyl-␤-D-thiogalactopyranoside after cultures reached an optical density at 600 nm of 0.5. The bacteria were then grown overnight at 18°C. After the bacterial cells were pelleted by centrifugation, the pellet was resuspended and sonicated in phosphate-buffered saline (PBS) supplemented with 1% Triton X-100, 0.03% sodium dodecyl sulfate (SDS), 10 mM dithiothreitol (DTT), 1 mM PMSF, 10 g/ml leupeptin, and 5 g/ml aprotinin. The clarified lysate was then rotated with glutathione (GSH)-agarose slurry for 20 min at 4°C. After the incubation, the agarose was spun down and washed with PBS containing 1% Triton X-100 and 0.1% ␤-mercaptoethanol, followed by washing with PBS containing 0.1% Triton X-100 and 0.1% ␤-mercaptoethanol. GST fusion proteins were eluted in the final wash buffer supplemented with 20 mM glutathione and then dialyzed overnight. MBP fusion proteins were expressed in the same manner as GST fusion proteins; however, pellets were lysed in 20 mM Tris, pH 8.0, 150 mM NaCl, 1 mM PMSF, 10 g/ml leupeptin, and 5 g/ml aprotinin. The lysis buffer was used for washing the amylose resin, and the bound protein was eluted in buffer containing 10 mM maltose. Protein concentrations were determined using Bradford assays or gel densitometry by comparing the band corresponding to a purified protein to dilutions of bovine serum albumin run concurrently on an SDS-polyacrylamide gel electrophoresis (PAGE) gel and stained with Coomassie blue.
Guanine nucleotide exchange assays. Exchange assays were conducted essentially as described elsewhere (22, 27, 28 was added to a final concentration of 5 mM, and the mixture was incubated at room temperature for 5 min. For exchange reactions, the GTPases were diluted threefold in buffer containing 20 mM Tris, pH 8.0, 150 mM NaCl, and the appropriate amount of exchange factor. The final concentrations of GTPase and exchange factor were typically 250 and 20 nM, respectively, unless otherwise stated. The exchange reaction was started by adding a 250-fold excess of unlabeled GTP, and aliquots were removed at time points identified in the figure legends, diluted in 1 ml of stop buffer (20 mM Tris, pH 8.0, 50 mM NaCl, and 25 mM MgCl 2 ), and passed through nitrocellulose filters. The filters were washed with 4 ml of stop buffer and dried, and the bound [ 3 H]GDP was counted via liquid scintillation. All experiments involving incubation of Flag-His-Asef2 or -Asef2 truncation mutants with a second fusion protein were conducted in 20 mM Tris, pH 8.0, and 150 mM NaCl for 30 min at room temperature prior to being added to [ 3 H]GDP-loaded Cdc42. GTPase activation assay. The GTP-bound form of endogenous Cdc42 and Rac1 was detected using the standard GST-PAK affinity precipitation assay with some modifications (2) . Briefly, 20 g of a GST fusion protein containing the Cdc42/Rac interactive binding (CRIB) region of PAK was bound to GSH agarose in PAK-CRIB binding buffer (20 mM Tris, pH 8.0, 30 mM NaCl, 25 mM MgCl 2 , 0.5% NP-40, 1 mM DTT, 1 mM NaVO 4 , 1 mM PMSF, 10 g/ml leupeptin, 5 g/ml aprotinin) at 4°C for 30 min, followed by one wash with PAK-CRIB binding buffer. Transfected cells grown in serum-containing medium were rested for 4 h in serum-free medium prior to the assay, washed once on ice with ice-cold PBS, and lysed with activation assay lysis buffer (25 mM Tris, 50 mM NaCl, 5% glycerol, 0.5% NP-40, 1 mM DTT, 1 mM NaVO 4 , 1 mM PMSF, 10 g/ml leupeptin, 5 g/ml aprotinin). Cells were collected and lysed by scraping the plate, the lysate was clarified by centrifugation at 12,000 ϫ g for 1 min at 4°C, and the resulting supernatant was applied to the GST-PAK-CRIB/GSH agarose complex. The lysate and beads were rotated for 15 min at 4°C before being washed once with PAK-CRIB binding buffer. RhoA activation was detected in an VOL. 27, 2007 Asef2 AUTOINHIBITION AND ACTIVATION 1381
analogous manner except that a GST fusion protein of the rhotekin Rho binding domain was used to precipitate active RhoA. Samples were analyzed by immunoblotting. GST fusion protein coprecipitation and immunoprecipitation assays. Twenty micrograms of GST fusion protein was incubated with GSH-agarose slurry in Nonidet-P40 (NP-40) lysis buffer (20 mM HEPES, pH 7.9, 100 mM NaCl, 5 mM EDTA, 0.5 mM CaCl, 1% NP-40, 1 mM PMSF, 10 g/ml leupeptin, 5 g/ml aprotinin) for 30 min at 4°C, followed by one wash with the same buffer. Cells were washed one time with ice-cold PBS and lysed with lysis buffer and scraping, and the resulting suspension was clarified at 12,000 ϫ g for 5 min at 4°C. Approximately 1 mg of clarified lysate was incubated with the GST fusion protein-GSH agarose complex at 4°C for 45 min and washed twice with NP-40 lysis buffer before samples were prepared for analysis by SDS-PAGE (18) . Binding experiments using purified MBP or Flag-His-tagged proteins were conducted using the same procedure, except that recombinant protein (usually 1 g of MBP and 0.25 g of Flag-His protein) was added to 1 ml of NP-40 lysis buffer and used directly in the assay.
Coimmunoprecipitation experiments were conducted using monoclonal or rabbit antibodies bound to either anti-mouse immunoglobulin G (IgG) agarose or protein A Sephadex (respectively) in 25 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5% CaCl 2 , 0.2% NP-40, 0.2% Tween-20, 10% glycerol, 1 mM PMSF, 10 g/ml leupeptin, and 5 g/ml aprotinin. Cells were lysed in the same buffer, and clarified supernatant (containing about 1 mg of total protein) was rotated with the antibody-agarose complex for 1 h at 4°C. The resulting precipitate was washed once with buffer and prepared for analysis by SDS-PAGE.
Immunofluorescence. BxPc3 cells, a pancreatic ductal tumor cell line, were used to detect filopodia generated by Asef2, as the filopodia were robust and easily visualized. For imaging, cells grown on coverslips were washed once with PBS and fixed using PBS containing 4% paraformaldehyde. After incubation for 10 min at room temperature, the coverslips were washed once with PBS and permeabilized with 0.1% Triton X-100 for 5 min at room temperature. The coverslips were blocked for 30 min in PBS containing 5% goat serum, 1% glycerol, 0.1% fish skin gelatin, 0.1% bovine serum albumin, and 0.04% sodium azide at room temperature and incubated with the appropriate primary and secondary antibodies in blocking buffer for 1 h, with four PBS washes in between incubation with each antibody. Actin was visualized with rhodamine phalloidin (Molecular Probes). Slips were mounted with a layer of AntiFade and visualized with an Axioplan (Zeiss) microscope.
Migration assays. Panc04-03 cells were transfected with a control vector (pCMS3.H1P) and shRNA suppression vectors for either Asef2 or Cdc42. After 72 h, the cells were dissociated from a tissue culture dish with cell dissociation solution (Sigma), and 2.5 ϫ 10 4 cells were added to the upper surface of a fibronectin-treated (10 g/ml in PBS for 12 h) Transwell chamber (6.5-mm diameter and 8.0-m pores; Corning). Cells were allowed to migrate for 18 h before the cells remaining on the upper side of the membrane were removed and the cells on the lower portion of the membrane were fixed using PBS containing 4% paraformaldehyde. The pCMS3 shRNA vectors contain a separate transcriptional cassette for expression of GFP, and only GFP-positive cells were counted using fluorescent confocal microscopy.
RESULTS
Asef2 homology and GTPase substrate. There are 69 Rho family GEFs in the human genome, and aside from the canonical DH-PH cassette found in virtually all of them, many of these GEFs, including Vav, faciogenital dysplasia (FGD) protein, and Sos form clusters or families that are highly similar based on overall domain architecture (34) . The Asef family of proteins circumscribes a series of GEFs that include Asef1, Asef2, and collybistin I (also known as hPEM-2 and ArhGef9) (23, 30) , all of which contain an N-terminal SH3 domain followed by the DH-PH cassette and no other obvious domain structures (Fig. 1A ). Asef1 and Asef2 contain an additional N-terminal sequence, part of which was identified in Asef1 as an ABR, lying between amino acids 73 and 126. A similar region is present in Asef2, between amino acids 90 and 152, which suggested that Asef2 could be activated by APC in a manner comparable to Asef1. The fact that many reported splice variants of Asef1 and Asef2 retain the central ABR, SH3, DH, and PH domain architecture further supports the idea that these are key functional elements within the proteins (Fig. 1B) . Although it remains to be seen if Asef1 and Asef2 are entirely redundant functional homologues of each other, independent regulation of the two GEFs by APC may simply be reflected in the different tissue distributions of the mRNA transcripts detected using Northern blots and gene-specific probes (Fig. 1C) .
Initial experiments were aimed at determining which Rho GTPase was the appropriate substrate for Asef2. GST fusions of dominant-negative versions of Rac1, Rac3, RhoA, and Cdc42 were provided as bait in an in vitro binding assay, where a Flagtagged N-terminal truncation mutant of Asef2 (⌬204) was expressed in cells. An N-terminal truncation mutant of Asef2 was used in the initial screening assay since GEFs are frequently self-regulated through discreet, autoinhibitory segments, potentially preventing access and binding of the GTPase to the GEF's catalytic DH and PH domains (1, 3, 36) . Initial reports on Asef1 suggested that deleting the ABR from the protein was sufficient to constitutively activate the GEF; however, we chose to eliminate almost all of the N-terminal sequence adjacent to the DH-PH domains, including the entire SH3 domain. In agreement with previous observations, we found that Asef2 bound to Rac1. The binding was highly specific to Rac1, and a fusion protein of Rac3 failed to precipitate Asef2 ( Fig. 2A) , despite having greater than 90% sequence similarity.
While the binding assay provided evidence that Asef2 was likely to be a Rac1-specific GEF, these assays do not always reflect which GTPase can be GTP-loaded by a particular GEF. Therefore Rac1, RhoA, and Cdc42 were used in an in vitro exchange assay to test Asef2 for activity toward Rac1. Furthermore, the GTPases used in the assay were purified from Sf9 cells as lipid-modified proteins, as some Rho-GEFs, such as FGD1, have been reported to require lipid-modified GTPase substrates in exchange reactions (41) . The ⌬204 mutant of Asef2 was expressed and purified as recombinant fusion proteins in Sf9 cells (Fig. 2B ). Additionally, a corresponding truncation mutant was produced for Asef1 (⌬180) and used as a positive control in the assay. Surprisingly, both the Asef2 ⌬204 and the Asef1 ⌬180 truncation mutants showed no activity toward Rac1 but instead exchanged Cdc42. The exchange activity of Asef2 was only detected with the lipid-modified form of Cdc42 (Fig. 2C) , demonstrating a substrate preference similar to that reported for FGD1. The recombinant Rac1 used in the assay was functional, since a MBP fusion of the Vav1 DH-PH and cysteine-rich region rapidly exchanged the protein in vitro (Fig. 2D) .
The activity of Asef2 toward Cdc42 was confirmed using affinity precipitation assays to detect increases in GTP-loaded Rac1, RhoA, and Cdc42 from cells expressing either a fulllength version or the ⌬204 mutant of Asef2. Oncogenic fragments of Vav1 and Lbc were used as positive controls for Rac1 and RhoA, respectively, in this experiment, and clearly demonstrate that Asef2 activity is Cdc42 specific (Fig. 2E) . Furthermore, the activity detected in the assay was contingent upon the ⌬204 mutant's acting as a functional GEF, since mutations which are known to inactivate either the DH domain (L259Q) or the PH domain (W552L) of Rho family GEFs (34) prevented Asef2-catalyzed activation of Cdc42 (Fig. 2F) .
It was previously reported that the ABR was the essential on April 29, 2016 by guest http://mcb.asm.org/ regulatory structure within Asef1, required for both APC binding and autoinhibition of Asef1. We made a deletion mutant of this region within Asef2 but found that the Asef2 ⌬ABR mutant failed to exchange Cdc42 in vitro (Fig. 2G) . Furthermore, expression of the ⌬ABR deletion mutant in HeLa cells failed to increase the amount of precipitated, GTP-loaded Cdc42 in comparison to expression of the Asef2 ⌬204 mutant (Fig. 2H) .
Since only the ⌬204 mutant demonstrated a capacity to rapidly exchange Cdc42 in both assays, we concluded that the ⌬ABR mutation does not completely eliminate Asef2 autoinhibition and that an additional N-terminal region, probably the SH3 domain, was also involved. Notably, Rac1 activation remained unchanged with expression of either the ⌬ABR or the ⌬204 mutant, showing that the ⌬204 mutation does not somehow alter the GTPase specificity of Asef2. We also examined the effect of Asef2 on cell morphology (Fig. 3A) , since activation of Rho family GTPases has characteristic influences on actin structures within a cell (6, 31, 32) . Cells transfected with either YFP or a YFP-tagged version of full-length Asef2 typically showed a rounded shape with few obvious actin structure formations; however, the ⌬204 mutant produced elongated filopodial cellular extensions consistent with Cdc42 activation. The filopodia were less numerous compared to cells expressing the constitutively active Q61L mutant of Cdc42 but were thicker and extended further from the central cell body. Cells expressing the ⌬204 mutant of Asef2 bore little resemblance to cells expressing constitutively active Rac1, which produced obvious lamellipodia. Furthermore, filopodia induced by the ⌬204 mutant were clearly dependent upon Cdc42, since suppression of Cdc42 had a significantly greater effect on preventing filopodia protrusions in comparison to suppression of Rac1 (Fig. 3B) .
Using affinity precipitation assays, we found that suppression of endogenous Asef2 affected the level of activated Cdc42 in Panc04-03 (Fig. 3C) , a transfectable pancreatic tumor cell line that expresses a high level of endogenous Asef2. Suppression of Asef2 in these cells led to a corresponding decrease in the amount of active Cdc42, although the total levels of Cdc42 protein remained unchanged. Suppression of Asef2 also led to a decrease in the number of cells that were capable of migrating through the pores of a Transwell chamber, similar to Cdc42 suppression (Fig. 3D) . Together, these results support the notion that Cdc42 is an in vivo substrate of Asef2 and that Asef2 contributes to cellular migration.
The SH3 domain of Asef2 contributes to binding of the APC ARM . Given the high degree of sequence similarity between Asef1 and Asef2, we hypothesized that an interaction between APC and Asef2 would essentially reflect the interaction between APC and Asef1. An association between Asef2 and APC was tested using Asef2 and APC-specific antibodies in coimmunoprecipitation experiments (Fig. 4A) . APC coprecipitated with Asef2 from SW480 cell lysates, and the interaction was also detected in reciprocal experiments. Furthermore, immunofluorescent staining of Asef2 and APC demonstrates that the proteins colocalized in Panc04-03 cells (Fig. 4B) .
To verify that the interaction between the APC ARM and Asef2 involves the ABR, cells were cotransfected with EEtagged APC ARM along with either FLAG-tagged wild-type Asef2, the ⌬ABR mutant, or the ⌬204 truncation mutant, and associations were detected by coimmunoprecipitation (Fig.  4C ). Both wild-type Asef2 and the ⌬ABR mutant coimmunoprecipitated with the APC ARM , demonstrating that deleting the ABR region was insufficient for eliminating the interaction. Since no interaction was detected with the ⌬204 deletion mutant in these experiments, we decided to test whether the Asef2 SH3 domain participated in binding the APC ARM and generated GST fusion proteins containing either the Asef1 or Asef2 ABR, the SH3 domain, and the ABRSH3 in tandem (shown schematically in Fig. 4D ). In contrast to the GST-ABR of Asef1, which precipitated an EE-tagged version, the APC ARM , no interaction was detected with the GST-ABR of Asef2 despite the inclusion of 20 extra amino acids C-terminal to the ABR (Fig. 4E) . Instead, coprecipitation of the APC ARM only occurred with either the tandem Asef2 ABRSH3 or the SH3 domain alone. The ABRSH3 and SH3 domain from Asef1 likewise coprecipitated the APC ARM , demonstrating that the SH3 domain contributes to stabilizing the APC ARM interaction for both Asef1 and Asef2. Despite a high degree of sequence similarity, the SH3 domain of collybistin was incapable of coprecipitating the APC ARM (data not shown), illustrating the specificity of the APC-Asef interactions. These results provide evidence that the SH3 domain is a required compotruncation mutants used in the exchange assay. (C) Lipid-modified and unmodified versions of Cdc42 were purified and used in an exchange assay with the ⌬204 mutant. (D) Lipid-modified Rac1 was used in an exchange assay with an MBP fusion protein of the Vav DH-PH region (also containing the cysteine-rich domain). The offset panel indicates the purity of MBP-tagged Vav used in the assay. For both B and C, the points indicate the mean of triplicate samples and error bars Ϯ standard deviation. (E) Lysates from BxPc3 cells expressing FLAG-tagged Asef2, the ⌬204 truncation mutant, the ⌬CH mutant of Vav1, and the truncated oncogenic form of Lbc were split and precipitated with either the GST-PAK-CRIB fusion protein to detect activated Rac1 and Cdc42 or with the GST-rhoteckin Rho binding domain fusion protein to detect activated RhoA. Activated Rac1, RhoA, and Cdc42 were detected via immunoblotting using the appropriate, specific antibodies. Cell lysates represent 10 g of total protein and show comparable levels of endogenous Rac1, RhoA, and Cdc42 in each of the pull-downs and equivalent expression of the FLAG-tagged GEF constructs. (F) Lysates from HeLa cells expressing Asef2, the ⌬204 mutant, and the ⌬204 mutant containing a DH domain-inactivating mutation (L259Q) and a PH domain-inactivating mutation (W552L) were incubated with the GST-PAK-CRIB fusion protein, and the amount of active Cdc42 was detected via immunoblotting. (G) Flag-His-tagged version of the Asef2 ⌬ABR mutant could not be expressed in Sf9 cells. Therefore, untagged versions of full-length Asef2, the ⌬ABR, or the ⌬204 truncation mutants were expressed, and 150 g of lysate protein was used in an exchange assay with [ 3 H]GDP Cdc42. All other conditions were identical to the procedure in Materials and Methods. The insert shows the relative expression levels of the proteins in 5 g of lysate using immunoblotting with an Asef2-specific antibody. Points indicate the mean of triplicate samples and error bars show Ϯ standard deviation. (H) HeLa cells expressing FLAG-tagged Asef2, the ⌬ABR mutant, the ⌬204 mutant, or the ⌬CH mutant of Vav1 were lysed; and activated, GTP-loaded Cdc42 and Rac1 were precipitated using the GST-PAK-CRIB fusion protein and detected via immunoblotting using a Cdc42 or Rac1-specific antibody. Cell lysates represent 10 g of total protein and show comparable levels of endogenous Cdc42, Rac1, and the FLAG-tagged Asef2 constructs. The blots reflect data from two independent experiments. The APC ARM stimulates Asef2. The most significant feature of the Asef1-APC ARM interaction was its stimulating effect on Asef1 exchange activity. In order to determine whether Asef2 was also stimulated by APC, we generated an MBP fusion protein of the APC ARM in Sf9 cells (Fig. 5A, blot) for use in exchange assays with Asef2 and Cdc42. While neither the FIG. 3. Asef2 stimulates cellular filopodia through Cdc42 and is important for cell migration. (A) BxPc3 cells expressing YFP-tagged full-length Asef2, the ⌬204 mutant, or constitutively active Cdc42 (Q61L) and Rac1 (V12G) were grown for 24 h on coverslips. The cells were fixed and were actin stained with rhodamine-phalloidin. (B) BxPc3 cells were cotransfected with the FLAG-tagged ⌬204 mutant expression vector and vectors to generate shRNAs against either Cdc42 or Rac1. Cells were plated on a 60-mm dish with glass coverslips and grown for 48 h before fixing and staining. Cells were scored for the presence or absence of filopodia by an individual who was blinded to the identity of a particular sample. Only cells that were positive for both FLAG staining and GFP expression were counted. The bars on the graph represent the mean results from three different coverslips and error bars represent Ϯ standard deviation. Lysates were prepared from the cells remaining on the 60-mm dish to determine the extent of Cdc42 and Rac1 suppression by immunoblotting (displayed to the right of the graph). Panels above the graph display representative cells expressing both the Flag-tagged ⌬204 mutant (shown in red) and GFP. Alexa 350-phalloidin (Molecular Probes) was used for actin staining (shown as black and white images). (C) Panc04-03 cells transfected with a vector expressing shRNAs against Asef2 were used in a pull-down assay with the PAK-CRIB. Protein expression in the cell lysates was detected using 15 g of total protein and immunoblotting with the indicated antibodies. The blots present representative data from two independent experiments. ␤-Actin is presented as a loading control. (D) Panc04-03 cells were transfected with a control vector or shRNA vectors against Asef2 or Cdc42 and plated in a Transwell migration chamber as described in Materials and Methods. Data represent the relative migration of Asef2 and Cdc42-suppressed Panc04-03 cells in comparison to control cells, with the bars representing the mean of four separate Transwell chambers Ϯ standard deviation.
MBP-APC
ARM alone nor Asef2 incubated with MBP augmented exchange activity, an equal-molar concentration of the MBP-APC ARM stimulated Asef2 activity to a level that was comparable to the ⌬204 truncation mutant (Fig. 5A) . Likewise, there was an increased amount of active Cdc42 precipitated from HeLa cells coexpressing full-length Asef2 and a YFPtagged version of the APC ARM in comparison to cells expressing either full-length Asef2 and YFP or the YFP-tagged APC ARM alone (Fig. 5B) . The amount of active Cdc42 detected with cells coexpressing Asef2 and the APC ARM was comparable to the ⌬204 truncation mutant. Coexpression of Asef2 and the APC ARM did not change Rac1 activity. Coexpression of YFP-APC ARM and Asef2 stimulated the formation of filopodia-like projections from the cellular surface (Fig. 5C, bottom frames) and also markedly altered their cellular localization, moving both proteins from a cytosolic distribution to the filopodia structures on the cell perimeter. In comparison, the ⌬204 truncation mutant induced filopodia and displayed peripheral localization with coexpression of either YFP or YFP-APC ARM . Furthermore, the YFP-APC ARM did not display significant accumulation in filopodia, probably because the ⌬204 mutant lacks the ABRSH3. Altogether, the results demonstrate that the unique mechanism of Asef activation remains conserved between Asef1 and Asef2, even though both appear to be Cdc42-specific exchange factors.
The ABRSH3 regulates Asef2 activity and binds to the Cterminal tail. Our exchange assays indicated that the ABR was not the sole N-terminal autoinihibitory region within Asef2. Since the ⌬ABR mutant was an internal deletion mutant, it was necessary to design additional N-terminal truncations that either removed the amino acid sequence before the ABRSH3 (⌬90) or retained only the SH3 domain (⌬140) in order to pinpoint whether an autoinhibitory segment was N-terminal or C-terminal to the ABR (Fig. 6A) . Only the ⌬204 mutant displayed a clear increase in Cdc42 activation in precipitation assays (Fig. 6B) , demonstrating that the SH3 domain retained by the ⌬140 mutant was sufficient for inhibiting Asef2 activity. We decided to define how the Asef2 ABR, SH3, and ABRSH3 contributed to the recognition of a hypothetical, complementary binding motif within Asef2 using the GST fusion proteins of these regions (Fig. 4D) to precipitate Asef2. FLAG-tagged Asef2 expressed in cells precipitated with only the GST-ABRSH3 (Fig. 6C) . The same was true of FLAG-tagged Asef1 that was precipitated with Asef1 GST fusion proteins. Similar results were obtained using recombinant, full-length Asef2 purified from Sf9 cells (Fig. 6D) , indicating that the interaction was direct. Furthermore, when the GST fusion proteins of the ABR, SH3, and the ABRSH3 were coincubated with the ⌬204 mutant of Asef2 in an exchange assay, only the ABRSH3 fully inhibited exchange activity (Fig. 6E) . Taken together, these results indicate that the SH3 domain is required and sufficient for inhibiting Asef2, but the tandem arrangement of the ABRSH3 probably maximizes binding contacts within the protein. Furthermore, the GST-SH3 domain fusion protein did not inhibit the ⌬204 mutant in trans, indicating that the independent SH3 domain can only inhibit Asef2 when the structure is provided in the proper intramolecular context, such as in the ⌬140 mutant.
Although our experiments demonstrated the ABRSH3 inhibited the ⌬204 mutant, it was unclear which region of the protein was providing the complementary binding site. In order to inhibit the ⌬204 mutant, the ABRSH3 binding site ARM and a control vector or FLAG-tagged Asef2 were used in a PAK-CRIB pull-down assay. Rac1, Cdc42, and the FLAG-tagged Asef2 proteins were detected as described in the legend of Fig. 2 , and YFP-tagged proteins were detected using an anti-GFP antibody. Cell lysates represent 10 g of total protein. The blot reflects data from three independent experiments. (C) BxPc3 cells coexpressing YFP or the YFP-APC ARM and either FLAG-tagged Asef2 or the ⌬204 mutant were grown on coverslips for 24 h, fixed with paraformaldehyde, permeabilized, and stained using an anti-FLAG antibody and a tetramethyl rhodamine isothiocyanate anti-mouse secondary antibody. Cells expressing YFP or the YFP-APC ARM are provided as negative controls. Images are representative of the transfected population. would have to lie within the DH-PH region, the last 91 amino acids lying just after the PH domain, or within a combination of the regions. To determine where the intramolecular association occurred, we generated a C-terminal deletion mutant that removed the last 91 amino acids from the tail of the protein (⌬561) and expressed it in cells along with full-length Asef2 and the ⌬204 mutant. In coprecipitation assays, fulllength Asef2 and the ⌬204 mutant consistently bound to the GST-ABRSH3, while the ⌬561 C-terminal truncation mutant failed to precipitate with the fusion protein (Fig. 7A) . Furthermore, the ⌬204 mutant always bound more tightly to the GST-ABRSH3 than the full-length protein, presumably because the ⌬204 mutant lacks an intramolecular ABRSH3 that would otherwise compete with the GST-ABRSH3 for the complementary binding site. We confirmed direct binding of the ABRSH3 to the C-terminal tail using GST fusions of the Cterminal tail and the DH-PH and MBP fusions of the ABR, the SH3, and the ABRSH3 (Fig. 7B ). All three MBP proteins interacted preferentially with the tail segment of the protein, demonstrating a role for both the ABR and SH3 domain in binding to the tail independently; however, the interaction was strongest with the tandem ABRSH3, again indicating that the tandem arrangement of the two regions provided the optimum interaction. Finally, in exchange assays, addition of an equal, stoichiometric amount of the tail segment activated full-length Asef2 to a level comparable to the ⌬204 mutant, indicating in trans addition of a tail fusion protein released the ABRSH3 intramolecular tail interaction, opening Asef2 to an active conformation (Fig. 7C ). These findings suggest that the tail region interacts with the Asef2 ABRSH3 in a manner analogous to the APC ARM interaction, but it occurs in an intramolecular context, where the tail can inhibit the activity of the protein by blocking a region that is required for exchange activity.
The C-terminal tail contains an element that is required for Asef2 exchange activity. The model derived from our data indicates that the ABRSH3 inhibits Asef2 activity by binding the tail region of the protein. The obvious prediction is that deletion of the C-terminal tail should constitutively activate Asef2, similar to the ⌬204 mutant. However, cells transfected with either a ⌬561 or a ⌬600 C-terminal deletion mutant (Fig.  8A) did not show any increase in the amount of active Cdc42 detected in precipitation assays (Fig. 8B) . In order to ensure that our results were not due to an autoinhibitory factor that was not detected in our binding assays, a series of tail deletions was made in the context of the ⌬204 mutation (Fig. 8A) . In these assays, Asef2 GEF activity was eliminated with the deletion of the last 32 amino acids from the tail (residues 204 to 620) and diminished with deletion of the last 22 amino acids , and ⌬204 mutants were used in a PAK-CRIB pull-down assay, and proteins were detected as described in the legend of Fig. 2 . (C) Lysate from cells expressing FLAG-tagged Asef2 or Asef1 was incubated with the GST fusion proteins of the ABR, SH3, and ABRSH3 (Fig. 3D) . Lysate from cells expressing Asef2 was incubated with Asef2 GST fusion proteins, and lysate from cells expressing Asef1 was incubated with Asef1 GST fusion proteins. Coomassie staining indicates the relative amount of the fusion proteins used in the experiment. (D) Flag-His-tagged Asef2 purified from Sf9 cells (0.25 g) was used in a GST precipitation assay with the same fusion proteins indicated in panel C. (E) The Flag-His-tagged ⌬204 mutant was incubated with a threefold molar excess (i.e., 75 nM) of either GST or GST fusions of the ABR, SH3, and ABRSH3 domains before being added to [ 3 H]GDP-loaded Cdc42. Aliquots were removed after 10 min of exchange, and the radioactivity was counted. The data points were normalized to a buffer control and represent the mean of triplicate samples Ϯ standard deviation.
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on April 29, 2016 by guest http://mcb.asm.org/ (Fig. 8C, 204-630 ). These results were confirmed using in vitro exchange assays and proteins purified from Sf9 cells (data not shown). This led us to hypothesize that not only was the Cterminal tail involved in an intramolecular association with the ABRSH3, but also it might be involved in stimulating Asef2 GEF activity. Therefore, we used the MBP fusion protein of the C-terminal tail in an exchange assay to determine if it could rescue the defect detected with the mutant containing residues 204 to 620 (204-620 mutant). The fusion protein of the Cterminal tail restored activity of the inactive 204-620 mutant to nearly the same activity detected with the ⌬204 mutant when the tail was provided at an equal-molar ratio ( Fig. 8D and E) . Additionally, the 204-620 mutant increased the amount of active Cdc42 detected in precipitation assays when it was coexpressed with an YFP-tagged fusion protein of the C-terminal tail (Fig. 8F) . Together, these results clearly indicate that the tail positively regulates Asef2 activity.
DISCUSSION
The Asef family of Cdc42-specific GEFs. Our findings for Asef2 run counter to two key findings from the initial paper on Asef1. First, Asef1 and Asef2 are both Cdc42-specific exchange factors. While both Asef2 and Asef1 appear to affect cell migration, identifying Cdc42 as their GTPase substrate is a significant step forward toward defining their exact role in this process. It is notable that the Asef proteins appear to bind Rac1. Although we have not exhaustively pursued how Rac1 may regulate Asef2, we have not detected an effect on Cdc42 exchange when excess Rac1 is preincubated with Asef2 in in vitro exchange assays (data not shown). This suggests that Rac1 does not regulate Asef2 activity in a way that has been reported for Cool-2/␣-Pix (14) . Although Rac1 suppression did not have an effect on filopodial formation stimulated by the ⌬204 mutant (Fig. 3B) , it is possible that Rac1 is somehow important for localization of endogenous Asef2 in a manner that is reminiscent of Rac1 binding to the RhoA-specific GEF, Lfc (17) .
Determining the substrate preference for Asef1 and Asef2 places these proteins upstream of events requiring activation of Cdc42, such as cellular polarization and spindle fiber stabilization (26) . In fact, the Asef proteins may be required for the activation of Cdc42 detected in scratch-wounded cells and may in fact colocalize with APC at the plus-end of microtubules along the leading edge (10) . It should be noted that APC localization has currently been placed downstream of Cdc42 and Par6/PKC activation (12) , and it is possible that APC localization is initiated by a relatively small amount of active Cdc42 that is not due to stimulation of Asef1 or Asef2 by APC. Once APC is appropriately localized, the APC ARM could be stimulated to interact with the Asef proteins, leading to a robust increase in Cdc42 activity at the front edge of the polarized cells, producing WASP-derived actin structures and activating PAK, resulting in ␤PIX accumulation near the leading edge (7) .
Identifying Cdc42 as the GTPase substrate for Asef1 and Asef2 also places the two proteins in closer relation to collybistin, which was previously shown to activate Cdc42 (30) . The result suggests that the three proteins are essentially a family of GEFs with similar structural and biochemical characteristics, although their cellular function is probably significantly different. Currently, two splice variants of collybistin, I and II, have been identified (23) . Collybistin I sequence is shown in Fig. 1A , and like the Asef proteins, its sequence includes an N-terminal SH3 domain. Collybistin II lacks the sequence corresponding to the SH3 domain and also has a shorter, divergent C-terminal tail sequence. Collybistin I and II expression is neuronal specific, where they act in conjunction with gephyrin to produce ␥-aminobutyric acid type A receptor and inhibitory glycine (Gly) receptor clustering in postsynaptic neurons. Gephyrin anchors these receptors to the cytoskeletal framework of the neuron, and it has been suggested that collybistin is required for efficient localization of the receptors to the postsynaptic membrane (19, 23) . It is unlikely that the function of the Asef proteins will overlap those of collybistin, since both Asef1 and Asef2 mRNA transcripts are expressed in a wider variety of tissues (Fig. 1C) . Moreover, APC clearly regulates both Asef proteins, and we have not detected an interaction between APC and collybistin (M. J. Hamann and D. D. Billadeau, unpublished observation).
The tandem ABRSH3 acts as an inhibitory module and APC recognition site. The second disparity between our results and those reported for Asef1 is that there is not a clear, independent regulatory function for the Asef2 ABR. Notably, the exact deletion used to constitutively activate Asef1 was not specified in the Asef1 studies, and it is possible the truncation removed part or the entire SH3 domain; therefore, the inhibitory role of the SH3 domain may have been overlooked (21, 22) . In our experiments, both the ABR and the SH3 domain contribute to maintaining Asef2 in an inhibited conformation, with the SH3 domain playing a dominant role. SH3 domain interactions with specific polyproline ligands have been relatively well characterized, and in order to better understand the regulatory role of the SH3 domain, we have made mutations within the SH3 domain that are known to disrupt binding to both canonical and noncanonical SH3 motifs at the cleft region of the domain. Interestingly, these mutations have not activated Asef2, even when provided in the context of the ⌬140 truncation mutant (M. J. Hamann and D. D. Billadeau, unpublished observations) and may indicate that the surface of the SH3 domain responsible for binding to the C-terminal tail may be significantly different than the cleft region that is typically involved in the recognition of polyproline sequences. This view is supported in the experiments that demonstrated binding to fulllength Asef2, the MBP fusion protein of the tail, and inhibition of the ⌬204 truncation mutant in exchange assays was only maximal when the tested protein was presented with the tandem arrangement of the ABRSH3. Using the individual pieces of either the ABR or the SH3 domain did little in these assays, demonstrating that the interaction with the C-terminal tail is complex and involves more than the ABR alone or a typical SH3 domain interaction.
In comparison to the autoinhibitory interaction of the Cterminal tail and the ABRSH3, binding of the APC ARM to Asef2 localized primarily to the SH3 domain alone. It remains to be seen if the APC ARM simply displaces the C-terminal tail from the ABRSH3 and activates Asef2 or if it binds to different portions of the SH3, resulting in an allosteric shift that displaces the C-terminal tail. Currently, we have not extensively tested how the Asef2 SH3 domain mutants affect binding to the APC ARM . It is notable, however, that the APC ARM does not contain obvious polyproline stretches, indicating that the interaction probably occurs through an atypical SH3 domain recognition motif. In fact, if the interaction between the APC ARM and the SH3 domain occurs on a surface other than the polyproline binding surface, it is possible that APC may release the ABRSH3 region and facilitate both GEF activation and binding to a downstream effector protein through a canonical SH3-mediated interaction.
Interestingly, while collybistin I and II may share substrate specificity, it is not entirely clear whether these proteins are self-regulated through an autoinhibitory motif. It is known that the GEF activity of collybistin II is directly inhibited through its interaction with gephyrin (39) . If binding to gephyrin is all that is required to inhibit collybistin I, the SH3 domain of this VOL. 27, 2007 Asef2 AUTOINHIBITION AND ACTIVATION 1391
on April 29, 2016 by guest http://mcb.asm.org/ variant may primarily function to localize the protein to the appropriate subcellular structures. If this is the case, the fact that collybistin does not contain an N-terminal sequence corresponding to the ABR may represent sequence divergence between the three proteins, since this region could be dispensable for collybistin's function. The C-terminal tail auto-activation element. At this time, it is uncertain how the tail contributes to the exchange reaction; however, another Rho-GEF, Vav, has been shown to exchange more efficiently when additional C-terminal sequence beyond the DH-PH is included in the protein. The cysteine rich domain of Vav lies just beyond the canonical DH-PH region and enhances Rac1 exchange through a direct interaction with the small GTPase (20) . Interestingly, a portion of collybistin's Cterminal tail has been suggested to form a coiled-coil structure (23) , and it is possible that a similar structure in Asef2 creates a segment that is involved in GTPase recognition analogous to a short coiled-coil structure in Rho-associated kinase that participates in RhoA recognition (9) . Currently, we have not been successful in precipitating Cdc42 with the C-terminal tail of Asef2 in initial pull-down experiments (data not shown), but it is possible that the C-terminal tail of Asef2 may directly recognize Cdc42 and facilitate its turnover. It is also possible that the tail somehow is facilitating protein dimerization in a manner analogous to ␣-Pix and that the tail-to-tail dimerization is somehow required for Asef2 exchange activity (14) . Regardless of the specific mechanism, our data strongly indicate that the DH-PH region alone (i.e., Asef2 residues 204 to 561) will not rapidly catalyze Cdc42 exchange unless the tail is present. Conversely, it is also clear that the tail cannot function independently as a GEF, since the L259Q and W552L point mutants (Fig. 1F ) successfully inactivate the exchange activity of the ⌬204 mutant.
Together, our results describe a model (Fig. 9) where the tail of Asef2 binds the ABRSH3 to maintain the protein in an inhibited confirmation yet also requires the tail for optimal Cdc42 exchange. Accordingly, the role of the ABRSH3 may be simply to keep the C-terminal activation element from participating in the exchange reaction. In this case, the APC ARM simply acts to displace the tail from the ABRSH3, resulting in rapid Cdc42 exchange. Future experiments will be aimed at deciphering the amino acid residues in the C-terminal tail that contribute to binding the ABRSH3 and which residues potentiate Asef2 activity and Cdc42 turnover, as well as determining how Asef2 becomes activated in migrating cells.
